The evolution of the ligand/receptor couple: a long road from comparative endocrinology to comparative genomics.
The ligand / receptor couple
The evolution of the ligand / receptor couple is a question that attracts considerable debate and theoretical discussion of complex experimental approaches. In fact hormones and receptors are central in the understanding of endocrine systems and, their origin as well as their parallel variation through co-evolution is a major evolutionary question. Indeed, divergence of proteins in different species requires ligand and receptor(s) coevolution to improve binding affinity and/or specificity.
Coevolution is thus a ubiquitous process that is responsible for the parallel adaptative evolution of hormone / receptors couples in the broadest sense.
On this aspect of coevolution of ligand / receptor pairs the field is sharply cut into two parts given the chemical nature of the ligand. All the ligands that are peptides or proteins, i.e. that are encoded by genes provide conceptually relatively simple cases of ligand /receptor coevolution, with continuous adaptation across time. Protein-protein interaction in general is, from the coevolutionary point of view, not basically different from the interaction between a given receptor and its ligand (Waddell et al., 2007) . In such cases, it is believed, and it has been demonstrated in several specific cases, that the genes encoding the ligand and the receptors are undergoing parallel evolution. One of the first examples of such coevolution is the one of the receptors for LH and FSH, which suggests that indeed the specificity of each ligand / receptor pair is maintained in divergent species (Moyle et al., 1994) . More recently the case of prolactin receptors in mammals showed how episodes of adaptative evolution have modified the genes encoding the receptor and the ligand (Li et al., 2005, and references therein). In most mammals the prolactin gene evolved very slowly but this nearstasis was interrupted by bursts of rapid changes during the evolution of several mammals orders Page 4 of 32 A c c e p t e d M a n u s c r i p t such as artiodactyls, primates or rodents. Since prolactin has to bind its receptor to fulfill its function, it was anticipated that the gene encoding the prolactin receptor should be subjected to selective pressure in the same mammals. This has been shown to be the case and the correlation between the evolutionary rates of the ligand and the receptor is effectively indicative of such coevolution. Similar examples including G protein-coupled receptors (GPCRs) such as the receptors for PRXamides (Park et al., 2002) or the secretin (PACAP and VIP) and their receptors (Cardoso et al., 2007) support this theory of ligand-receptor coevolution. Thus, conceptually, the existence of evolutionary couples is relatively well understood and provides a coherent framework for functional evolution studies (Dean and Thornton, 2007) .
This situation contrasts with the second, that of receptors for which the ligand is not a peptide or a protein but rather a small molecule. In such cases the ligand is not a gene product but is derived from a biochemical pathway that starts from an inactive precursor, sometimes derived from an external source such as food, which is transformed into the active molecule (see Simoes-Costa et al., 2008 for a recent illustration on retinoic acid metabolism). This is the case for some GPCRs but also for many nuclear receptors (NRs), for which the ligands are the products of complex biochemical pathways. In most cases these pathways contain a rate-limiting step, producing the active compound. This critical step is most often the one that is physiologically regulated. In addition it contains a catabolic part that is responsible for the degradation of the ligand and that is also subjected to precise regulation (see You, 2004, and Bélanger et al., 1998 , for a review on steroids). In these cases of ligand / receptor pairs a simple coevolution mechanism obviously cannot operate. In the case of NRs, several models such as ligand exploitation (Thornton, 2001) or refinement of ligand-binding specificity by mutations (Escriva et al., 2006) have recently been proposed to explain how changes of specificity can take place during evolution. Nevertheless even if the situation for these ligand / receptor couples is more complex, the existence of coevolution is still possible. Indeed, a recent report on cannabinoid receptors suggests that the evolution of cannabinoid receptors is correlated with the evolution of diacylglycerol lipase, an enzyme implicated in the metabolism of anandamide and 2-arachidonyl glycerol (2-AG) the two endogenous ligands of cannabinoid receptors (McPartland et al., 2007) . It remains to be investigated if such example can be generalized to other receptor systems.
It is clear nevertheless that any discussion on the evolution of a ligand / receptor couple should be confronted with experimental data, which consists in the characterization of ligands and receptors in various species, distantly related to the most classical models. It has also to be emphasized that receptors and ligands structures are often more conserved than their physiological function which depends on the expression patterns of receptors. This often blurs the recognition of orthology between related ligand/receptor pairs.
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A c c e p t e d M a n u s c r i p t 2. The phylogenetic framework: metazoan evolution Any analysis of the evolution of a given ligand / receptor couple should take into account the phylogeny of the organisms from which these various pairs are coming from. Therefore, it is important at that level to rapidly present here the framework on which these comparative approaches are developed. Since most of these studies are done at the scale of animals we will limit this rapid presentation to the case of metazoans. Figure 1 depicts a simplified version of the currently endorsed evolutionary tree for metazoans. It is striking that even if the distribution of model organisms is very much biased towards two of the main clades of metazoans (namely ecdysozoans with Drosophila and Caenorhabditis elegans and deuterostomes with human, mouse, chicken, xenopus and zebrafish, among others) genomic data are now available for all the main metazoan clades. For example, looking at cnidarians and sponges, at the base of the metazoan tree, the genome of the sea anemone Nematostella vectensis (Putnam et al., 2007) is now available whereas the one of the sponge -Amphimedon queenslandica -is available as trace archives. These genomes are bringing crucial informations that now allow one to make inferences on early metazoan gene families (Simionato et al., 2007) .
From the phylogenetic tree depicted in Figure 1 , the bilaterians, that are the metazoans with three embryonic layers (ectoderm, endoderm and mesoderm) and with a clear antero-posterior axis, are divided into three main clades: on one hand, the lophotrochozoans and the ecdysozoans that together form the protostomes and, on the other hand, the deuterostomes. The monophyly of these three clades is relatively well accepted as is their branching order even if some analyses based on large genomic data sets tend to propose alternative schemes (for example the Coelomata hypothesis that groups arthropods and deuterostomes, excluding nematodes; see for example Rogozin et al., 2007) .
The topology of the metaozan tree may have a major impact on our inferences regarding the origin and diversification of endocrine genes. This influence is well illustrated by a recent analysis of NR genes distribution and phylogeny in metazoans in which are compared the scenarios implied by the Ecdysozoan or Coelomata hypothesis on the evolutionary history of nuclear receptors . The use of alternative topologies of the metazoan tree (as the Coelomata hypothesis used for the analysis of the Forkhead family; Carlsson and Mahlapuu, 2002) may affect the conclusions drawn relative to the ancestry and evolution of specific genes. At the present stage of our phylogenetic knowledge, this should be regarded with caution.
Another important observation, developed below, is that the number of genes present in the genomes of several classical model organisms tends to be extremely variable because of large scale Page 6 of 32 A c c e p t e d M a n u s c r i p t events such as whole genome duplication, lineage specific expansion of specific genes or, alternatively gene loss (see Panopoulou and Poustka, 2005 for a review on vertebrates). It is now widely recognized that extremely important models such as Drosophila, C. elegans, or the urochordate Ciona intestinalis have experienced extensive gene loss (see Bertrand et al., 2004 for references). This may have important implications in terms of endocrine gene evolution. For example, the estrogen receptor has been found in vertebrates but not in invertebrate chordates such as Ciona, Drosophila or C. elegans. This has led to the proposal that this receptor was a key innovation of vertebrates (Laudet 1997 , Escriva et al., 2000 . In fact the observation that an estrogen receptor orthologous gene is present in several mollusks (Thornton et al., 2003 , Keay et al., 2006 as well as in cephalochordates (Paris et al., 2008b) shows that it is in fact much more ancient than expected and that the gene was lost independently in ecdysozoans and urochordates Escriva et al., 2004) . A very similar situation was found for the thyroid hormone receptor ., Wu et al., 2006 , Wu et al., 2007 . It is now widely accepted that no conclusion can be reached on the presence or absence of a given gene in the common ancestor of all bilaterians if data from the three main lineages of metazoans (that is lophotrochozoans, ecdysozoans and deuterostomes) are not available. Given that deuterostomes plus insects and nematodes contain the most dominant model organisms this conclusion should be strongly re-emphasized: no safe conclusion can be drawn on the ancestry of a given gene family without data from lophotrochozoans and/or cnidarians.
Two by two comparisons of receptors, proceed at your own risk!
A classical approach in comparative endocrinology is to identify in various organisms, for example the cephalochordate amphioxus, an orthologue of a given receptor known in a classical model organisms like human. This type of analysis may be important to clearly show if this receptor, and by extension, the corresponding signaling pathway is effectively present in the organism of interest.
We will highlight below that, even if of course the conclusions reached from this type of analysis are interesting, this two-by-two comparative approach has several caveats that renders it quite risky.
Thus, the conclusions and evolutionary models reached by these traditional comparative approaches, based on the assumption that one can extend to their zoological groups the knowledge accumulated in human or Drosophila, should be put into a larger perspective. It is only through their independent confirmation based on large-scale evolutionary analysis that these conclusions will be firmly assessed.
Gene duplication
Page 7 of 32 A c c e p t e d M a n u s c r i p t An important result generated over the last 10 years of genomic analysis is that genes, and even genomes, duplications once believed to be relatively rare events are in fact a major evolutionary mechanism that has been instrumental in shaping the current biodiversity (Ohno, 1970 , and see also Volff, 2005 for a recent review in teleosts). Gene duplication is an important mechanism of gene diversification that can be observed in nearly all organisms. Of course tandem duplication of individual genes, the simplest case of gene duplication, occurs quite often. But two more global processes that have broad implications for the functional anatomy of genomes should be emphasized. The first is the whole genome duplication, the importance of which was first highlighted in the 70's by Susumu Ohno (Ohno, 1970) and later revealed by the study of invertebrate chordates and early vertebrates (Garcia-Fernandez and Holland, 1994) as well as fishes (Wittbrodt et al., 1998) . It is now well established that in several cases, such as at the base of the vertebrate tree (Dehal and Boore, 2005) or early on during actinopterygian fish evolution (Jaillon et al., 2004) whole genome duplication took place and impacted strongly on the appearance and diversification of complex features, including the endocrine systems (Holland et al., 2008) . The fate of duplicated genes (non, sub or neo-functionalization, see Force et al., 1999 that is, respectively loss of one copy, sharing of the ancestral function between the two duplicates or acquisition of a new function by one of the copy), and its link with the origin of evolutionary novelties, is currently a major and fruitful research area and the study of endocrine genes should be placed in this context.
A very convincing example of such an analysis in the context of actinopterygian fish whole genome duplication has been recently published for the MyoD family (Macqueen and Johnston, 2008) .
The other extreme case of gene duplication is lineage-specific duplication events that can sometimes be extensive. This is the mechanism at the origin of the 270 nuclear receptor genes that are present in the genome of the nematode Caenorhabditis elegans (Sluder and Maina, 2001) . It has been shown that most of these genes correspond in fact to orthologues of a unique gene encoding the orphan receptor HNF-4, which was massively duplicated in C. elegans and related species (Robinson-Rechavi et al., 2005) . The functional significance of this burst of duplication is still under investigation, but it is clear that such an event should have consequences on the physiology of the animal and may completely modify the evolutionary scenarios constructed at the level of an individual gene family. GPCRs (Cardoso et al., 2006) , but also receptors with tyrosine kinase activities (Rikke et al., 2000) , the heterotrimeric G protein a-subunit (O'Halloran et al. 2006 ) and the Hedgehog-related genes (Hog) (Aspöck et al., 1999) also provide cases of lineage-specific expansion in nematodes.
The presence of these duplication events has a major consequence for the comparative endocrinologist, as it reinforces the need for an accurate phylogenetic study of any protein of Page 8 of 32 A c c e p t e d M a n u s c r i p t interest in order to avoid simplified, and often erroneous interpretations. Figure 2 shows the example of the thyroperoxidase (TPO) gene, which is implicated in the synthesis of vertebrate thyroid hormones. The vertebrate TPO is a member of a multigenic family, being the ortholog of a large group of peroxidases that experienced a complex series of duplication events within the vertebrate lineages. In mammals we find not only thyroid peroxidase but also lacto-peroxidase, myelo-peroxidase and eosinophil peroxidase, all these genes coming from a unique ancestor gene that underwent duplications at various levels within the vertebrate lineages (Heyland et al., 2006) .
Using primers corresponding to a various set of metazoan peroxidases, a gene encoding a peroxidase was cloned in the urochordates Ciona intestinalis and Halocynthia roretzi. Since in vertebrates four closely related types of peroxidases are found, one cannot conclude that this Ciona gene is indeed a TPO (see our recent review on the importance of gene nomenclature, Markov et al., 2008) . It is only with additional data, here through the analysis of the expression pattern and the comparison to the previously reported biochemical activity that the conclusion that the gene encodes a TPO can be reached. Interestingly, a more extensive genomic analysis ( Figure 2 ) shows that this protein is the product of only one of the two duplicated genes in the Ciona genome. The original "Ciona TPO" was shown to be expressed in a domain that does not overlap that of its classical regulator TTF1 in vertebrates, and that its expression domain was restricted to the endostyle zone 7, whereas previous histochemical studies reported a peroxidase activity also in other parts of the endostyle (zones 8 and 9) (Ogasawara et al., 1999) . The presence of the second gene suggests that a more complete study is needed in order to test if it too has also a TPO-activity, if it is expressed in zones 8 and 9 of the endostyle and if the two genes have overlapping or complementary expression patterns and thus to reconstruct the detailed history of these genes. Since the duplication event that gave rise to the two Ciona genes is independent of the duplications that occurred in vertebrates, only functional analysis can determine whether the Ciona genes have activities related to thyroid, myelo-, lacto-or eosinophile peroxidases. The situation is even more complex in cephalochordates. Another gene encoding a TPO was characterised in the chinese amphioxus Branchiostoma belcheri, (Ogasawara, 2000) but the analysis of the Branchiostoma floridae genomes (Holland et al., 2008) shows that there are four orthologs of this gene, once again arising from an independent series of duplications from the ones that occurred in Ciona or vertebrates. Thus, starting from a unique gene with an unknown activity, the peroxidase gene family has been independently elaborated three times in vertebrates, urochordates and cephalochordates.
Since proteins that undergo duplication are prone to subfunctionalisation or neofunctionalisation events (Force et al., 1999) , this should be taken into account when comparing the functions of two proteins in two different organisms, because this can have major effects at the physiological level.
This example illustrates that one should take into account the full set of genes and their complex Page 9 of 32 A c c e p t e d M a n u s c r i p t history in order to infer their ancestral functions.
Gene loss
Gene loss is an often neglected aspect that, due to the current interest in whole genome sequences, has recently been shown to be a frequent and important evolutionary mechanism that contributed significantly to the emergence of divergent animal lineages (Danchin et al., 2006) . The analysis of the presence of NRs genes in complete genome sequences of metazoans shows that the NR complement of different animal models is extremely variable and that gene loss was effectively frequent, as discussed above in the case of Drosophila, nematodes and urochordates . The case of nematodes is particularly puzzling since the events of gene loss are hidden by the massive lineage specific expansion of the HNF4 gene discussed above (Robinson-Rechavi et al., 2005) thus illustrating the complexity of the individual gene family history ( Figure 3 ).
But gene loss is not only revealed by comparison of distant evolutionary organisms. One example, taken from the evolution of NRs illustrates the importance of taking gene loss into account. When we compared, through careful phylogenetical analysis, the NR complement present in mammals and teleost fishes we were surprised to find cases that could not be explained by the classical "more genes in fish" scenario (Crollius and Weissenbach, 2005; Bertrand et al., 2004) . This is well exemplified by the case of the Rev-erb genes, orphan nuclear receptors. In all known mammals, two paralogous Rev-erb genes, called Rev-erbα and Rev-erbβ, corresponding to a unique orthologue in Drosophila (called E75) and amphioxus are known (Laudet, 1997) . Given the actinopterygian fish whole genome duplication event discussed above, we were expecting to find a maximum of four Rev-erb genes in zebrafish, namely two Rev-erbα and two Rev-erbβ. During our systematic analysis of NR genes expression patterns in zebrafish we were thus surprised to find in fact five Rev-erb genes in zebrafish whereas four are effectively present in pufferfishes (tetraodon and fugu) . By phylogenetical analysis (Figure 4) we were able to deduce that in fact three paralogous Rev-erb genes (Rev-erbα, β and a third gene called γ) were present in the ancestor of vertebrates. In tetrapods this third gene, Rev-erbγ was lost. In fishes, the three ancestral Rev-erb genes were duplicated giving rise to six genes. The differential loss of these fish-specific paralogues explains the different numbers of Rev-erb genes in various fish species: zebrafish lost one Rev-erbα copy whereas pufferfish lost the two Rev-erbα genes. The analysis of the expression patterns strongly suggests that if these genes share a similar function each of them has specific implications in distinct processes, probably linked to circadian rhythm regulation Page 10 of 32 A c c e p t e d M a n u s c r i p t Kakizawa et al., 2007) . This case is certainly not an isolated one and taking only the example of NR genes several other cases of specific gene loss in mammals were found (e.g. ERRs, COUP-TFs, SF-1) whereas, in contrast, one case of fish specific loss (CAR) was found . It is now known that these gene losses occurred in other gene families in mammals but also in other zoological groups (Danchin et al., 2006; Wyder et al., 2007) .
All these examples illustrate that the evolutionary history of any given gene cannot be reconstructed without a careful phylogenetic analysis based on the use of adequate methods and that the importance of mechanisms such as gene duplication and gene loss should be adequately tested before concluding on the presence or absence of a given signaling pathway. Classical comparative work based on the two-by-two comparison of human and another animal will never match the quality of information reached by an in depth phylogenetical analysis.
Evolutionary shifts
Of course genes are not only duplicated or lost. Many genes are conserved as unambiguous orthologues in a wide variety of organisms, but even in such cases one should be careful when studying gene evolution since evolutionary shifts can have dramatic impacts in terms of gene function, as well as at the level of phylogeny. Long branch attraction is a well-known artefact in molecular phylogeny that can artificially group rapidly evolving clades together in a position clearly not compatible with the known phylogeny of species (Delsuc et al., 2005) . RXR evolution in insects provides an illustration of this phenomenon ( Figure 5 ). The known orthologue of RXR in Drosophila is the USP gene that plays an important role as a common heterodimeric partner for several NRs, including the ecdysone receptor, EcR. When we did phylogenetic studies of USP in several insects we saw a very striking tree topology since all the USPs found in Diptera and Lepidoptera were not clustered with other arthropod sequences as expected, but at the base of all bilaterian RXRs (Bonneton et al., 2003) . At the level of sequence identity this example is quite spectacular since, in the ligand-binding domain the RXR from a beetle (e.g. Tribolium) is more closely related to the human RXR than to the Drosophila USP. We found that in fact this corresponds to a very strong acceleration of evolutionary rate that occurred during the evolution of mecopterida, a monophyletic group with approximately 25% of extant insect species, including Trichoptera (caddisflies), Mecoptera (scorpionflies) and Siphonaptera (fleas) in addition to Diptera and Lepidoptera (Bonneton et al., 2006) . Careful structural and functional analysis of RXR from Tribolium and Drosophila allowed us to reconstruct a complex and dynamic evolutionary history shaped by several functional shifts during which several events of loss and gain of ligand-binding occurred (Iwema et al., 2007) . Interestingly, this event is not restricted to Page 11 of 32 A c c e p t e d M a n u s c r i p t RXR since several similar shifts were also recently observed in other nuclear receptors, all acting in the ecdysone cascade (Bonneton et al., 2008) . This example illustrates that such evolutionary shifts are not just complicating factors for phylogenetic analysis, they also provide very fruitful cases in which the evolution of ligand / receptor couples can be scrutinized. In this case, this reveals an unsuspected evolutionary flexibility of NRs in terms of ligand binding.
The literature now contains several cases of evolutionary shifts that all provide illuminating examples of the power of natural selection acting at the level of endocrine pathways. Among these, the nuclear receptors provide two recent examples of receptors, ERs and TRs, that were believed to be recent but for which orthologues were recently found in non-model protostomes. Interestingly, in both cases these protostome receptors do not bind the bona fide vertebrate ligand suggesting a more complex history than anticipated. Indeed the ligand binding evolution of estrogen receptor is still far from understood (see contrasting views in Baker, 2003 , Thornton et al., 2003 and Paris et al., 2008b and similar questions are suggested by the recent characterization of thyroid hormone receptors in platyhelminthes, molluscs or even in a deuterostome, the cephalochordate amphioxus (Wu et al., 2007 , Paris et al., 2008a . At a much smaller taxonomic level the careful analysis of the ligand-binding specificity of PXR in mammals also provides an example of shifts in the ligandbinding ability of a nuclear receptor (Krasowski et al., 2005 ; Reschly et al., 2007) . For other receptor systems, the interested reader could, among a long potential list, refer to the cases of the Growth Hormone receptor in primates (Liu et al., 2001; Wallis et al., 2001) , the TSH receptor which exhibits striking functional differences between mammals and actinopterygian fishes, but also among mammals (Farid and Szkudlinski, 2004) or the genes of the ectodysplasin pathway in vertebrates (Pantalacci et al., 2008) .
Recombination events
Genomic data now available greatly facilitates assessment of gene orthology. In some multigenic families, the duplication rate is so high and variable for different genes that even a cautious phylogenetic analysis is not sufficient to establish orthology relationships. Such a problem occurs when examining the vertebrate CYP2 family that contains genes encoding xenobiotic metabolising enzymes, which have undergone many duplications events at various taxonomic levels (e.g. mammal-specific, rodent-specific, and mouse-specific duplications, with primate-specific or/and rat-specific duplications in parallel) (Nelson, 2005 , Thomas, 2007 . In such cases, data on the chromosomic localisation can provide very useful information since the analysis of neighboring genes allows one to assess the orthology of the whole syntenic region and, by extension, of the Page 12 of 32 A c c e p t e d M a n u s c r i p t genes of interest. This was indeed the case of the CYP2 genes since some of the genes are located in genomic clusters, where it is believed that recombination events occur quite often, giving rise to the wide diversity of CYP2 genes (Thomas 2007) . Such events will erase the phylogenetic signal and make the functional comparisons between proteins that underwent different duplication events meaningless.
Another example of careful analyses of syntenic regions that led to large scale conclusions on complex evolutionary scenario are the evolutionary analyses of the Major Histocompatibility Cluster (MHC) by Pontarotti's group (Danchin et al., 2003) . In the context of fish genome duplication the example of MyoD gene family evolution also illustrates how the use of synteny could help to infer orthology (Macqueen and Johnston, 2008) . This type of analysis is particularly useful when studying genes encoding short peptide hormones, which are often difficult to unambiguously identify at a large evolutionary scale. The recent analyses of the POMC/AGPR/MCR gene repertoire in fugu (Klovins et al., 2004) and the study of the origin and coevolution between NPY receptor and prolactin-releasing hormone-receptors in vertebrates (Lagerström et al., 2005) , also show the utility of complementary use of data from phylogenetic analysis coupled with careful synteny analysis. The construction of the "gene rosace" diagram that visualizes the respective relationships between genes located in different regions facilitates this type of analysis (see Jaillon et al., 2004 , for an explanatory illustration). As for gene analyses, such studies take profit of in depth phylogenomic knowledge about the analysed genes, and also are greatly improved by comparaisons between more than two genomes (for detailed examples see Kasahara et al., 2007, Muffato and Crollius, 2008) .
When possible, phylogenetic approach should integrate in a known phylogenetic species and gene trees all the information possibly available at the leave of the trees. Information are of course the sequences but also functional information such as binding properties and other physiological data.
In some cases it is possible to calculate the probability to have this information a the node of the tree and from the information available at the node propagate dawn it to the non annotated leaves (see Thornton, 2004 , for a detailed review). But even the finest probabilistic approaches are useless if the sampling is inappropriate.
The elusive ligands
The previous examples may give the impression that working on the evolution of receptor genes is full of obstacles that complicate analysis and interpretation. Thus, one solution to study evolution of a specific endocrine signaling pathway could be to test directly if the ligand of interest is present in Page 13 of 32 A c c e p t e d M a n u s c r i p t a wide variety of organisms. This attractive solution is nevertheless also paved with obstacles that are not easily solved and for which a comparative genomics approach does not always provide clues. The two main lines of evidence for the existence of a given ligand in a given animal are (i) the detection of an effect of this ligand in a given physiological or developmental process, most often considered from the known effect of this ligand in mammals and (ii) the direct detection of the ligand through genomic or analytical chemistry analysis.
Effects
The rationale behind these studies, which are commonly done in traditional comparative endocrinology is that if a given molecule has an effect in a given species this should be taken as a clear indication that there is a receptor for this molecule and thus a signaling pathway and a « physiological role ». Somehow mirroring the original receptor definition by Paul Ehrlich, for which a receptor was defined as any molecule that is able to bind exogenous elements in human cells (reviewed in Prüll, 2003) , people tend to consider that any molecule of human origin acting on a living system is effectively proof that this molecule binds to another one, which can be called a "receptor". But even if this assumption is true, it cannot be used as an indication that this "receptor" is related in anyway to the human receptor for this molecule. The problem is that many authors have applied this concept without taking into account this important caveat.
A striking example is the case of the arboreal mycorrhizes fungi of the order Glomerales, such as Glomus intraradices, that live in symbiosis with many trees and play crucial roles at the root/soil interface. It has been shown that the roots of the plant have a positive effect in stimulating the growth of the fungal hyphe during pre-symbiosis steps (see Requena et al., 2007 , for a review). The precise mechanism how plant signals are perceived by the fungi is still unknown but it has been shown that flavonoids have a strong chimio-tactic effect and that this effect can be mimicked by estrogens and blocked by anti-estrogens (Poulin et al., 1997; Scervino et al., 2005) . This was taken as an indication that the genome of these fungi contained an estrogen receptor and that a specific receptor/interacting protein with a binding site for flavonoid or structurally related compounds (estrogens and antiestrogens) exists in these fungi (Requena et al., 2007; Poulin et al., 1997; Catford et al., 2006) . However, our current knowledge of NR evolution indicates that the genome of Glomus (which is currently being sequenced) should be devoid of NR genes (Escriva et al., 1997) . Among the possible candidates for mediating the effect of estrogens in Glomus, one of the most probable would be an orthologue of the estrogen binding protein already found in other fungi, including Candida albicans (Madani et al., 1994; Cheng et al., 2006) . This protein, well known under the name of "Old yellow enzyme" is one of the most ancient enzymatic systems characterized, and is a Page 14 of 32 A c c e p t e d M a n u s c r i p t cytoplasmic oxydoreductase whose activity can be regulated by estrogen binding (Cheng et al., 2006 and references therein) . This example demonstrates that whereas there is an effect of estrogen in this species, this could not be taken as an indication that the endogenous receptor is in any way evolutionary related to the nuclear estrogen receptor found in human.
RXRs provide here again an example of the difficulties associated with the identification of endogenous ligands. These receptors were first described in the early 90's as orphan receptors whose activity could be modulated by all-trans retinoic acid (see Laudet and Gronemeyer 2005, for references). It was later shown that 9-cis retinoic acid, an isomeric derivative of all-trans retinoic acid, is able to bind with a high affinity to RXR. Indeed several rexinoids, specific ligands of RXRs, were developed as pharmacological compounds for treatment of diseases such as diabetes and insulin resistance (Pinaire and Reifel-Miller, 2007) . Ironically the detection of 9-cis retinoic acid in vivo has proven to be difficult, casting doubts on the in vivo relevance of this ligand (see Mic et al., 2003) . This has been recently confirmed by genetic evidence in the mouse (Calleja et al., 2006) . It is now thought that RXR acts rather as a fatty acid or fatty acid derivative sensor, although the exact identity and relevance of its ligand(s) remains a matter of debate (see references in Iwema et al., 2007) . This example depicts that even in human, it is not because a molecule has an effect that it indicates its endogenous existence in a physiologically relevant manner! These examples may appear artificial, but they illustrate a type of assumption that has been commonly used in some comparative endocrinology studies. The estrogen receptor of several molluscs such as Aplysia, Octopus, and others have been cloned and convincingly shown to be unable to bind to estrogens (Thornton et al., 2003; Keay et al., 2006; Kajiwara et al, 2006; Matsumoto et al., 2007, and Bannister et al. 2007 ). Nevertheless, effects of estrogens are reported in these animals (e.g. sex reversal in several mollusc species) and this is taken as evidence in favor of the existence of a classical nuclear estrogen receptor (see Lafont and Mathieu, 2007 for references).
However, the actual data suggests that if such a receptor exists it is not the unique ER orthologue already characterized. Among the several possible explanations we propose that: (i) the molecule used for the treatment is metabolized to another compound that is the active one. Indeed we recently discovered such a situation in amphioxus, where thyroid hormones are metabolized to a compound that binds the TR (Paris et al., 2008a) ; (ii) a NR that binds estrogen exists but this is not an orthologue of ER ; (iii) the effect of estrogen is mediated by another receptor system, e.g. a transmembrane receptor (see Revankar et al., 2005 for an example) or a cytoplasmic protein such as in the case of Glomus discussed above. Thus one should treat claims of the existence of a signaling pathway based on treatment with human derived compound with much caution. Such data provide indications, but only indirect evidence that should be verified by more functional approaches including the cloning and characterisation of the relevant receptor.
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Detection
Detecting a given ligand in one's favorite non-classical model organism is probably an excellent option for a comparative endocrinologist. One interesting case to illustrate the complexity of ligand evolution in different organisms is the one of the lamprey steroid hormones. For a long time, it was thought that as a vertebrate, lamprey should produce the classical steroids, estradiol, testosterone, and progesterone, and indeed, these were effectively identified by radioimmunoassays (RIA) and used for physiological (for an example see Bolduc and Sower, 1992) or functional (Thornton, 2001) studies. Nevertheless, in the 80's, chromatographic techniques and more recently, blood steroid profiles analyzed by high performance liquid chromatography (HPLC), contradicted this view and showed that the main circulating steroids are 15-alpha-hydroxylated Callard, 1982, Lowartz et al., 2003) . The actual nature of the active steroid hormones and their mechanism of action in lamprey are still a matter of debate (reviewed in Bryan, 2008) . This example shows that the diversity of ligands in non-model species is often underestimated. In this case the presence of the classical steroids is not questioned, but they are not the physiologically relevant compounds.
Many reports have shown the presence of a typical human hormone in early vertebrates or even in invertebrates, steroids being the compounds for which the number of such reports is the highest.
Most often the detection of these products is based on the use of antibodies, generated from human compounds and widely used on human tissue samples for medical application. These antibodies are mainly used for immunohistochemical staining and/or radioimmunoassay and two recent examples illustrate the caveats and uncertainties of such approaches. We have nevertheless to strongly insist on the fact that these examples were not selected because they are particularly dubious but rather because they illustrate numerous studies done in classical comparative endocrinology.
The first example concerns the detection of immunoreactivity for progesterone in the giant Rohde cells of the amphioxus Branchisotoma belcheri (Takeda et al., 2003) . Using rabbit polyclonal antibodies against progesterone conjugated to bovine serum albumin from two commercial suppliers, the authors performed immunohistochemical staining on adult amphioxus and show staining in giant neurons known as the Rohde cells. The authors cautiously conclude that "progesterone-like" substances are likely to be present in these neurons, suggesting the existence of neurosteroids in this species. They performed a number of controls to avoid problems due to nonspecific binding: they replaced the primary antibody by normal rabbit serum, they omitted the primary antibody from the staining reaction and they used PBS instead of the primary antibody. Furthermore, they also performed absorption tests with the antibodies, progesterone, and BSA, respectively, corroborating the fact that the staining is specific. The main problem with this type of Page 16 of 32 A c c e p t e d M a n u s c r i p t paper is that we have no information on the actual specificity of the antibodies. Are these reagents able to recognize only progesterone itself or do they show cross reactivity with other closely related molecules such as pregnenolone, deoxycorticosterone or 17β-hydroxyprogesterone? What if the amphioxus contains no progesterone but related steroids, such as those found in lamprey? The authors of this study were cautious and spoke of "progesterone-like substances". It is interesting to note that the amphioxus genome contains several, but not all the enzymes implicated in steroidogenesis (e.g. a CYP21 orthologue is missing) and that several of these enzymes are duplicated (e.g. 3β-HSD for which six genes were found in amphioxus, compared to three in human and the SDR family that contains enzymes with 17β-HSD and 11β-HSD activities for which 31 genes are known in human for more than 100 in amphioxus) (Holland et al., 2008) . However, only one steroid receptor, located at the base of the vertebrate GR, MR, PR and AR, is present in the amphioxus genome, and, to date, nothing is known about its specificity. Thus it would not be surprising if amphioxus steroidogenesis has been elaborated independently from vertebrate steroidogenesis, and searching for human compounds in amphioxus may simply be unfruitful.
The second example concerns the presence of estrogens in molluscs, and more precisely in the cephalopod Octopus vulgaris, an interesting case since it is much referred to in the debate on the ligand-binding evolution of estrogen receptors (Thornton et al., 2003; Keay et al., 2006 : Paris et al., 2008b . It has been shown that, in this species, 17β-estradiol and progesterone are found in oviduct and ovarian tissues, and that the concentration of these hormones in females correlates with phases of the reproductive cycle (Di Cosmo et al., 2001; D'Aniello et al., 1996) . The doses of hormones in these tissues are measured using a radioimmunoassay and we are faced with the same uncertainties about the specificity of the detection method in this study as in the previous one. In addition, the level of hormones detected both at the level of radioimmunoassay or by HPLC is very close to the lower limits of detection (D'Aniello et al., 1996) . From all the data accumulated in Octopus, one can conclude that steroid hormone metabolism does exist in this species, but it is difficult to be more conclusive on the precise identity of the steroids that will be found (see below).
These two examples emphasize the difficulties associated with detection based on the use of antibodies. In fact, before the genome era the same situation was found for NR and many reports claimed for the detection of steroid receptors in a wide variety of non-metazoans organisms such as plants or fungi (see Agarwal et al., 1994 , Milanesi et al., 2001 , Milanesi and Boland, 2006 . Despite the fact that, as in the above mentioned studies, all the controls were correct, all these studies displayed artefacts: there is no gene related to steroid receptors outside metazoans (Escriva et al., 1997 . We believe that basically the same situation holds for the immunological detection of NR ligands in invertebrates: perhaps some of these reports are correct but in the absence of more firm evidence this cannot be confirmed (Lafont and Mathieu, 2007) .
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Other lines of evidence
Other methods of analysis for the presence of specific compounds can be used. This is for example the ability of a given tissue to metabolize a given compound, i.e. to carry out a given reaction (e.g. hydroxylation at the position 3β indicative of a 3β-HSD activity see DiCosmo et al., 2001) . Once again the problem in these experiments is the conclusions that can reasonably be drawn. That a given type of activity exists in vivo is interesting but given the diversity of steroidogenic enzymes (or enzymes using different substrates) in metazoans one cannot take for granded that because a reaction occurs with a given labelled intermediate it actually uses this very substrate in vivo.
Another approach often used is searching for the presence of the gene encoding a enzyme responsible for a critical step in the synthesis pathway of a given ligand. For example the existence of an aromatase in amphioxus (Castro et al., 2005 ) argues for the existence of estrogens in this species. This is convincing in this particular case since the phylogeny of the isolated clone was carefully assessed including synteny analysis. This is much less clear in other cases, such as the recent description of putative CYP11A and CYP17 in amphioxus (Mizuta and Kubokawa, 2007) .
The phylogeny of these clones, taking into account a more exhaustive dataset, with sequences from non-chordate species, shows that the phylogenetical inferences of this report were inexact and that in both cases, the cloned gene are orthologous to a new group of deuterostome CYPs, that was lost in vertebrates (Markov et al., in preparation) .
Our critical arguments may well in turn be criticised as, we agree, it is easy to oberate previous publications without offering positive alternatives. It seems clear that the best studies are those done with careful analytical chemistry methods. For example HPLC coupled with mass spectrometry allows the clear detection and identification of compounds and offers a very strong and rigorous alternative see also Lafont and Mathieu, 2007 for a similar conclusion). The problem with this method is of course that it is much more demanding and expensive than antibody detection. But they have the unique advantage of unambiguously assessing the presence and diversity of the compounds found in a given organism. The recent characterization of steroids present in the nematode Caenorhabditis elegans provides an interesting example of the variety of compounds that can be revealed through such a detailed analysis (Motola et al., 2006) . Most often, endocrinology studies are realized with a long-term medical objective. This leads to a deformation of the evolutionary perspective, which may be too much "human-centered". Doing comparative endocrinology should therefore first be accompagnied by an effort to go again this natural anthropocentric view and to consider equally the evidences coming from different taxa. This may seems obvious, but in fact "rampant" anthropocentrism and a graded view of evolution (e.g. that evolution is progressing toward complexity) is often difficult to avoid as nicely pointed out by Gould (Gould, 1996) .
Conclusion
In fact a key solution to these methodological and interpretation difficulties relies in the comparative strategy itself that should incorporate evidences coming from various organisms and scientific approaches in an integrated manner. An interesting example of the power of such an approach is the case of the suiform aromatases (Gaucher et al., 2004) . In this study, by combining bioinformatic, molecular evolution, paleontology, cladistics, structural biology and organic chemistry analysis, the authors propose that the conservation of three subfunctionalised aromatase paralogs in pigs is the result of a selection for Suoidea with larger litter than their ancestors. This selective event has allowed their survival during the global climatic shift that began in the Eocene.
Bioinformatic analyses (estimation of divergence times, detection of positive selection by Ka/Ks analysis), were correlated with the presence of residues that were subject to positive selection in the substrate-binding site and with previous experimental data about different substrate specificities for these enzymes. Additionally, a detailed examination of the palaeontological record and of the number of pups in modern artiodactyls as well, correlated with data on global climate changes, led to this quite audacious hypothesis, that is consistent with data of many different research fields. It would be interesting -and possible, thanks to the availability of genome data -to check if such a correlation occurs in other vertebrates and could be statistically significant.
We argue that future comparative endocrinology studies should combine large-scale evolutionary analysis, with several standardised phylogenetic and chemical methods to ensure the robustness of the conclusions. The classical two-by-two comparison that is prone to artefactual conclusions based on partial analysis and the use of poorly refined detection methods, such as those based on antibodies should be replaced by such multidisciplinar studies, even if these approaches are experimentally much more difficult. Comparative endocrinology is thus now facing a real challenge: to perform multidisciplinary evolutionary approaches that will effectively offer solutions, using rigorous technical and conceptual basis, to the long-standing questions of the origin of the endocrine signalling pathways. Branch-lengths are arbitrary. The two whole genome duplications that took place at the origin of vertebrates and the whole genome duplication at the origin of teleost fish are schematised by yellow and light-blue spots respectively. VertA means vertebrate ancestor. The most parsimonious scenario explaining the actual evolutionary relationships between human and zebrafish Rev-erb genes can be separated in two steps. The first one corresponds to the loss of one Rev-erb paralogue (here named Rev-erbδ) in the ancestor of vertebrates after the two whole genome duplications. The second step is the loss of Rev-erbγ paralogue in the ancestor of the vertebrates that diverged after fish divergence, and the loss of one Rev-erbα duplicate (here named Rev-erbα-B) in zebrafish after the whole genome duplication that took place at the base of teleost fish lineage. 
